Multiply marked X, 2nd and 3rd chromosomes were used to study the patterns of regional specificity of effects on crossing over of chromosomes from a stock of D. melanogaster selected for high Gl-Sb recombination. It was found that the H X chromosome increased crossover frequencies more or less uniformly throughout chromosome 3, and did not significantly affect coincidence coefficients. The H 3rd chromosome increased crossing over most strongly in the proximal region of chromosome 3, and in the distal region of the X chromosome, although effects could be detected on other parts of the X and 3rd chromosomes. 2nd chromosome recombination was, however, reduced by the H 3rd chromosome. Coincidence coefficients were increased in chromosome 3 by the H 3rd chromosome, but no significant effects on the X or 2nd chromosomes could be detected.
INTRODUCTION
In the previous papers in this series (Charlesworth and Charlesworth 1985 a, b), we have described some experiments on artificial selection on recombination frequencies in female Drosophila melanogaster, and presented the results of genetic analysis of the difference between an unselected control stock (C) and a selected line (H) with an increased frequency of recombination between the 3rd chromosome markers GI and Sb. These experiments were motivated by the wish to obtain a better understanding of the properties of naturally occurring genetic modifiers of recombination, since these properties play an important role in theories of the evolutionary modification of recombination (Maynard Smith, 1978) . A critical parameter in these theories is the degree of linkage between recombination modifying genes and the chromosomal regions which they affect; recombination modifiers that are only loosely linked to loci under natural selection are unlikely to experience a strong selective advantage, compared with tightly linked modifiers (Nei, 1967; 1969; Maynard Smith, 1978) . For this reason, it is important to accumulate evidence concerning the regional specificity of the effects of recombination modifiers.
In this paper, we describe the results of some experiments designed to provide such evidence for the recombination genes detected in our earlier experiments. We also describe experiments to test the effects of our recombination genes on the rates of X chromosome and autosome non-disjunction. The study of meiotic mutants of Drosophila with drastic effects of reducing recombination has shown that they normally also increase the rate of non-disjunction, due to the increase in frequency of non-exchange tetrads with reduced crossing over, and the consequent increased rate of entry of chromosomes into the distributive pairing pooi where non-homologous associations of chromosomes are possible (Baker and Hall, 1976; Lindsley and Sandier, 1977) . One might expect the converse effect on non-disjunction for genes that increase crossover frequencies. It could be argued that such a decrease in non-disjunction rate would play a significant role in the evolutionary maintenance of recombination (Darlington, 1958, Chaps. 15, 24 ; but see White, 1973, pp. 169-170 and Maynard Smith, 1978, pp. 72-73) . MATERIALS 
AND METHODS
The experimental procedures for rearing flies and scoring progenies were as described in the earlier papers in this series (Charlesworth and Charlesworth, 1985a, b) .
(I) Assays of recombination Recombination between genes on the X and 2nd chromosomes was assayed using the multiply marked X and 2nd chromosomes y cv vf car and a! dp b pr en px sp respectively, supplied by the Bowling Green stock centre. These will be referred to as year and alsp in what follows. 3rd chromosome recombination was assayed using the rucuca multiply marked chromosome (Charlesworth and Charlesworth, 1985b) . The markers scored in these assays are shown in figs. 1 and 4, together with their map positions. All assays of recombination employed vial-reared progenies, as described by Charlesworth and Charlesworth (1985b) . Vials with less than 15 flies were not analysed.
(ii) Assays of non-disjunction Non-disjunction of the X chromosome in females was assayed by crossing males carrying the X chromosome balancer FM7 to females of the appropriate stock, Bottle crosses following our standard procedure (Charlesworth and Charlesworth, l985a) were used throughout.
Exceptional females are readily scored as lacking the Bar-eye phenotype; whenever possible, the exceptional females were progeny tested to verify their status. All putative exceptions turned out to be genuine. The viability of FM7 males was so poor under our conditions that we could not reliably score the frequency of exceptional males. In any case, exceptional males can be produced by other mechanisms, so that females provide more reliable data (Roberts, 1962) .
Non-disjunction of chromosome 3 in females was scored by crossing males from the compound 3rd chromosome stock C(3L), h'/h2; C(3R), +, supplied by Dr W. R. Engels, University of Wisconsin, to females of the desired genotype. In the absence of breakdown of the compound chromosome, which is a rare event (HoIm, 1976) , only nullo-3 or diplo-3 gametes from the female parents (produced by non-disjunction) can generate viable progeny. in order to estimate non-disjunction frequencies, control crosses were carried out simultaneously, in which females of the same genotypes as the experimental crosses were crossed to FM7 males, and the emergences recorded.
Tests of significance of differences in frequencies were carried out by (-tests, analyses of variance or contingency x2, as appropriate. The (-tests and analyses of variance were done using angular transforms of frequencies; as before, individual culture values were not weighted by numbers of flies per culture (Charlesworth and Charlesworth, 1985b) . The means and standard errors shown in the tables and figures were calculated directly from the untransformed data.
REGIONAL SPECIFICITY OF GENETIC EFFECTS ON R ECO MB I NATION
(I) Effect of the X chromosome on chromosome 3
Females of the genotypes shown below were crossed to rucuca males, and each progeny individual was scored for the markers shown in fig. 1 Figure 1 Approximate map positions of the markers used in the measurements of the effect of the X and 3rd chromosomes on chromosome 3 recombination (X on 3 and 3 on 3, respectively). The codes for the map intervals in tables 1-6 and figs. 2 and 3 are also indicated.
Replicates of both these classes of mating were set up over six weekly blocks. In all, 59 C and 59 H vials were scored, representing 5979 and 4490 flies respectively. Analyses of variance did not reveal any significant block effects, so that the results described below are based on data pooled across blocks. Table 1 shows the means and standard errors for the crossover frequencies in the seven intervals ru-h, h-tb, th-st, st-Sb, Sb-sr, sr-e and e-ca. shows the means and standard errors for the double crossover frequencies and coincidence coefficients for adjacent pairs of intervals. Fig. 2 displays the ratios H/C for the mean crossover frequencies and coincidence coefficients. It can be seen that crossover frequencies are increased more or less uniformly along chromosome 3 by substituting the H for the C X chromosome; the apparent lack of any effect in some regions could easily be due to sampling fluctuations. The average percentage increase is 11 per cent, which is considerably smaller than the value of 31 per cent for Gl-Sb recombination in table 2 of Charlesworth and Charlesworth (1985b) ; this difference could be due to chance, however. Table 2 shows that double crossover frequencies and coincidence coefficients do not differ significantly, except for interval 1 (ru-h), where both show increases that are significant at the p <005 level. Because of the low double crossover frequencies for many of the pairs of intervals, the sampling 
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The variances of the mean coincidence coefficients were computed from the variances of the means of the single and double crossover frequencies for the intervals concerned, using the delta-method formula for the variance of a ratio. Weinstein (1936; 1958) . It can be seen that the H females show significantly lower frequencies of 0 and I exchange strands than the C females, while the frequencies of 2, 3 and 4 exchange strands are increased significantly. The differences in tetrad frequencies are all nonsignificant, probably because the tetrad frequencies have much higher standard errors than the exchange frequencies. The mean numbers of crossovers per strand and per tetrad are both significantly increased in H females.
(ii) Effect of the 3rd chromosome on chromosome 3
Females of the genotypes below were crossed to rucuca males, and the progeny scored for the markers shown in fig. 1 (3 on 3). (cu was again not scored.)
The comparison between H and C thus measures the effect of the Gl 3rd chromosome on 3rd chromosome recombination on an H background; as described in the previous paper (Charlesworth and Charlesworth, 1985b) , G111 contributes the entire 3rd chromosome effect in the high recombination stock. Table 4 shows the crossover frequency comparisons of H and C females, table 5 shows the double crossover and coincidence comparisons, and table 6 shows the strand and tetrad class results. Fig. 3 displays the ratios of the H to the C means for single crossover frequencies and coincidence coefficients. The experiments were carried out over seven blocks, involving 75 C and 70 H vials (5700 and 5932 flies, respectively). Block effects were found to be significant for several of Table 5 Chromosome 3 double crossover frequencies and coincidence coellicients of females with H or C' 3rd chromosomes Double Crossover Frequencies Coincidence Coefficients Figure 3 As for fig. 2 , except that the effect is that of the 3rd chromosome on chromosome 3.
the comparisons, and have therefore been removed from the analysis of variance and comparisons of means. In contrast to the results for the X chromosome effect, there seems to be marked regional specificity of the effects of the H chromosome 3 on 3rd chromosome crossover frequencies. The effect is most marked towards the proximal regions, and falls off towards the tips. A comparison between the mean logarithm of the ratio of H to C for the crossover frequencies in the distal regions 1 and 7
with the mean for the other regions gives a significant difference (z = 268, p <001 on a normal variate test).
Furthermore, both double crossover frequencies and coincidence coefficients are increased in H females, at least in some regions. The consistency of the pattern suggests that this effect is general throughout the chromosome, despite the lack of significance in some cases. Some significant effects on tetrad frequencies are also detected in this case; there is a significant decrease in 1 exchange tetrads, and an increase in 4 exchange tetrads in H females.
(iii) Effect of the 3rd chromosome on the X chromosome Females of the genotypes below were crossed to ycar males, and the progeny scored for the markers shown in fig. 4 (3 on X) . The comparison between H and C measures the effect (on an H background) of the GIH 3rd chromosome, heterozygous over the balancer TM6, on X chromosome recombination. The experiments were carried out over seven weekly blocks, involving 138 C and 105 H vials (8269 and 6957 flies, respectively. Block effects were significant in some instances, so that blocks were not pooled in the analyses of variance and comparisons of means. Table 7 shows the results for crossover frequencies, double crossover frequencies, and coincidence coefficients. Table 8 gives the results for strand and tetrad class frequencies. The H/C ratios for crossover frequencies and coincidence coefficients are shown in fig. 5 .
It can be seen that the effect on crossover frequency of the H 3rd chromosome is highest for the most distal region (1) of the X. A comparison of the logarithm of the H/C ratio for region 1 with the mean log ratio for the rest of the X chromosome is highly significant (z=4.33, p<O001 on a normal deviate test). Nevertheless, there is evidence for small but significant effects in regions 3 and 4. Each t value has 229 df. fig. 2 , except that the effect is that of chromosome 3 on the X chromosome.
Despite the fact that double crossover frequencies are significantly elevated in H females, there is no evidence for any effect on coincidence coefficients, apart from a reduction of dubious significance in regions 3/4. The tetrad analysis shows evidence for a significant reduction in the I exchange class frequency, and an increase in the 2 exchange frequency. The mean numbers of crossovers per strand and per tetrad are significantly increased in H females.
(iv) Effect of the 3rd chromosome on chromosome 2
Females of the genotypes below were crossed to alsp males, and the progeny scored for the markers shown in fig. 4 (3 on 2) . (dp and cn were omitted from the analysis, because of classification errors.)
The comparison between H and C females (either TM6 or Sb) provides a measure of the effect of and were thus removed from the analyses. Table  9 shows the results for crossover frequencies, table   10 for double crossover frequencies and coincidence coefficients, and table 11 for tetrad and strand class frequencies. Fig. 6 displays the H/C ratios for crossover frequencies and coincidence coefficients.
The data in table 9 suggest that the H 3rd chromosome decreases recombination in chromosome 2; two of the comparisons are significant at the p <005 level, and the chance of obtaining 7 out of 8 negative deviations is 0035 on the null hypothesis. Table 11 shows that the mean numbers of crossovers per strand or tetrad are significantly decreased in H(TM6) females; the decrease in number per strand borders on significance in the Sb females. There is no evidence for a consistent The estimated frequencies of exceptions are shown in table 13. It is clear that the frequency of exceptions is significantly higher among the progeny of Cy mothers than ('y mothers, but that the C vs. H contrast has no significant effect. The full interpretation of these data depends on knowledge of the mechanism of non-disjunction. Some limited conclusions about this can be drawn from the distribution of phenotypes among the exceptional individuals, shown in the lower part of table 13. If non-disjunction occurred exclusively at the first meiotic division, then all the diplo-3 products of non-exchange tetrads (with respect to crossovers is that of Among the diplo-3 gametes of Cy mothers, it is clear that there is a considerable deficit of GI Sb over what would be expected if they were drawn at random from the pooi of tetrads at first division: this deficiency is highly significant statistically (p < 0.001). Although the deficiency is non-significant for the Cy mothers, there is a trend in the same There are two possible interpretations of these results. One is that non-disjunction occurs solely at first division, and that non-disjunctional gametes are produced predominantly from tetrads with exchanges in the Gl-Sh region (Charlesworth and Charlesworth, 195gb) . The difficulty with this is that there is a deficiency of GI Sb compared with the frequency expected if all diplo-3 gametes were derived from exchange tetrads, as can be seen for the Cy mothers, whose i values exceed one. This could be due to a viability disadvantage of G1Sb individuals.
The alternative is to suppose that non-disjunction occurs at least partly at the second meiotic division. If this is the case, then, since only exchange products between GI and the centromere and/or Sb and the centromere are viable products of second division non-disjunction, the deficiency of Gi Sb and the increased frequency of exceptionals among the progeny of Cy individuals are explicable.
The frequencies of nullo-3 gametes produced by non-disjunction at either meiotic division are equal to the frequencies of wild-type progeny. It is clear that the frequency of nullo-3's is much higher in the gametes of Cy mothers than Cy' mothers, but that other effects are non-significant, although the high recombination genotypes have somewhat lower frequencies of nullo-3's.
DISCUSSION (i) Regional specificity results
Our results, and those of other studies of quantitative effects on recombination in D. melanogaster (Chinnici, 1971; Kidwell, 1972; Brooks and Marks, 1985) , show a considerable diversity of pattern of regional effects on crossing over. The H X chromosome appears to affect crossing over more or less uniformly along chromosome 3, with no consistent effect on coincidence (fig. 2) ; our previous work (Charlesworth and Charlesworth, 1985a, b) suggests that the H/C X chromosome difference is due to a single gene or tightly-linked group of genes. This effect is reminiscent of that of the sex-linked meiotic mutant mei-9, which reduces recombination uniformly on all major chromosomes, and has no effect on coincidence (Carpenter and Sandier, 1974) . Unfortunately, we have no data at present on the effect of the H X chromosome on chromosomes other than 3, nor on its possible allelism with mei-9, but it is tempting to speculate that the gene concerned is responsible for a generalised increase in crossover frequency.
The H chromosome 3 appears to increase X and 3rd chromosome crossover frequencies in regions where crossover frequency per unit DNA is normally low (cf. Lindsley and SandIer, 1977) ; its effect is most marked on the centromeric region of 3 ( fig. 3 ) and the telomeric region of the X (fig.  5 ). It also increases coincidence coefficients on 3, but apparently not on the X, although the statistical reliability of the X coincidence coefficients is not high enough to rule out an effect in the telomeric region. This kind of regional specificity has been reported previously for quantitative effects by Chinnici (1971) and Kidwell (1972) , and is the common pattern for meiotic mutants (Baker and Hall, 1976; Lindsley and SandIer, 1977; Szauter, 1984) . It is consistent with the idea that normal regional constraints on crossing over are being disrupted by the genes concerned, in this case by genes which increase rather than decrease crossing over (cf. Baker and Carpenter, 1972; Lindsley and SandIer, 1977; Szauter, 1984) .
In this respect, the properties of the chromosome 3 H genes are similar to those of most meiotic mutants affecting exchange processes. They differ sharply, however, in that there is good evidence that the chromosome 3 H genes reduce crossing over in chromosome 2, whereas the rneiotic mutants nearly all have similar effects on all chromosomes (Baker and Hall, 1976) . The effect on chromosome 2 is most marked for the centromeric region ( fig. 6 ), as might be expected from the specificity pattern for the X and 3rd chromosomes described above. Those data suggest that, in addition to the well-established within-chromosome regional constraints on exchange frequency (Szauter, 1984) , there are chromosome-specific factors affecting exchange. That there is a potential antagonism between crossover frequencies on chromosomes 2 and 3 is further suggested by the data of table 2 of Charlesworth and Charlesworth (1985b) , which show that the H chromosome 2 decreases crossing over between the 3rd chromosome genes Gi and Sb unless the X and 3rd chromosomes are both H in constitution. Chinnici's (1971) data also suggest some interchromosomal effects of this sort. It is clear,
however, that they are not of the same class as the classic inter-chromosomal effects of inversion heterozygosity, since these are not, chromosomespecific in the same way as our effects, and are also associated with increases in coincidence as well as crossing over (Lucchesi, 1976) . Such interchromosomal antagonism is not the rule, however: Brooks and Marks (1985) report a generally positive correlation between effects on different chromosomes of minor genes carried on chromosomes extracted from natural populations.
(ii) Evolutionary implications of the regional specificity results
The results surveyed above show clearly that recombination modifier genes can influence crossover frequencies in neighbouring parts of the chromosome; mapping experiments (Charlesworth and Charlesworth, 1985b) demonstrated the existence of a pair of high recombination genes on chromosome 3, one located between h and Gi at approximately 30, the other either between si and Sr or to the right of Sr at approximately 53. Reference to figs. 1 and 3 shows that these are localities in which crossover frequencies are significantly affected by the H 3rd chromosome. The requirement of close linkage between recombination modifier genes and the regions they affect for effective natural selection on recombination (Nei, 1967; 1969; Maynard Smith, 1978) is thus met in this case.
But it is equally clear that recombination may be affected by genes on other chromosomes or located some distance away on the same chromosome, e.g., there is a significant effect of the chromosome 3 H genes on crossing over at the distal end of 3R, on the distal and proximal ends of the X, and on the proximal region of 2L (figs. 3, 5, 6) . Inter-chromosome and inter-region effects have also been observed in other Drosophila studies of quantitative effects on recombination (Chinnici, 1971; Brooks and Marks, 1985) , and in other organisms such as Neurospora (Catcheside, 1977) and the silkworm (Turner, 1979; Ebinuma and Yoshitake, 1981) . They imply that natural selection for or against crossing over in one region may have correlated effects on crossing over elsewhere in the genome; these correlations may be positive or negative, depending on the genes and chromosomal regions concerned. Furthermore, unless there happen to be recombination modifiers that are closely linked to the regions experiencing such correlated responses, it may be difficult for selection to reverse them.
These effects clearly make it difficult, if not impossible, to interpret data on interspecies differences in recombination rates in terms of selective hypotheses. The evidence from the comparisons of genetic maps in the genus Drosophila suggests that differences in crossover frequencies are usually of similar magnitude over all chromosomes e.g., the comparison of the D. melanogaster map with that of D. subobscura (Loukas et a!., 1979) and D. pseudoobscura (Dobzansky and Powell, 1975), or with D. virilis (Alexander, 1976) . It is not clear whether this reflects adjustment of the overall frequency of genetic recombination to different selective conditions, or a correlated response to selection on a much more limited part of the genome. Similarly, the simplest interpretation of the lack of crossing over in the heterogametic sex of many insect species (White, 1973, pp. 469-490) is that it represents the response to selection for restricting recombination between the sex chromosomes (Nei, 1969; Charlesworth and Charlesworth, 1980; Bull, 1983) .
(iii) Effects on non-disjunction A higher frequency of crossing over must usually lead to a reduced frequency of non-exchange tetrads, and hence a reduced frequency of nondisjunction. Our data on the effects of the high recombination genes on X and 3rd chromosome non-disjunction gave conflicting results. There was a 2-fold reduction in the frequency of X nondisjunction in H compared with C females (table  12) , whereas there is only a small and statistically non-significant effect on 3rd chromosome nondisjunction (table 13) . It is interesting to note that table 8 shows a roughly 2-fold reduction in the frequency of X chromosome non-exchange tetrads when an H chromosome 3 is substituted for C (although this effect is not significant), whereas tables 3 and 6 reveal no effects on 3rd chromosome non-exchange tetrads of the substitution of H for C X or 3rd chromosomes. (None of the 3rd chromosome non-exchange frequencies differ significantly from zero, presumably because of the greater map length of the metacentric chromosome 3.) Reduction in single exchange frequencies are noticeable for both X and 3rd chromosomes, however. Tables 12 and 13 show that heterozygosity for the multiply-inverted 2nd chromosome SM1(Cy) has no detectable effect on X chromosome nondisjunction, but causes a more than two-fold increase in the frequency of nullo-3 gametes. (The frequency of diplo-3 gametes cannot be reliably estimated, as described in section 4(u).) Cooper et aL (1955) and Roberts (1962) have previously reported a lack of effect of autosomal inversion heterozygosity on the rate of non-disjunction of structurally homozygous X chromosomes (in the absence of a Y), and Ramel (1962) has reported an increased rate of autosomal non-disjunction in response to inversion heterozygosity on the other chromosomes. Our results are, therefore, in good agreement with earlier findings.
The reason for the difference in response of the X and autosoines to inversion heterozygosity on non-homologues, however, is unclear, As discussed earlier (section 4(u)), it is possible that our data on the genotypes of diplo-3 gametes can be explained by an association between first division non-disjunction and exchange in the Gl-Sh region.
No such association between proximal exchange and primary non-disjunction of the X chromosome was detected by Merriam and Frost (1964) , so that it is possible that the increase in frequency of crossing over on the X and chromosome 3 due to the presence of SM! will only affect chromosome 3 non-disjunction. Evidence for an association between first division non-disjunction and proximal exchange has been reported for Ustilago violacea by Cattrall eta!. (1978) . There is a similar relationship between proximal gene conversion and chromosome loss in disomics of yeast (Campbell and Fogel, 1977; Campbell, 1980) , so that this explanation has some plausibility. The alternative explanation of our data on diplo-3 gametes requires a substantial contribution of second division non-disjunction to the events we detect. The available data for the X chromosome suggest strongly that second division non-disjunction is rare, if not absent (Merriam and Frost, This might explain why species such as D. virilis and D. suhobscura have high rates of recombination compared with D. melanogaster. Lower levels of interference might also be favoured in such species, since more even spacing of exchanges reduces the frequency of non-exchange tetrads.
